Cardiovascular disease (CVD) is the leading cause of death throughout the world and much pathology is associated with upregulation of inflammatory genes. Gene silencing using RNA interference is a powerful tool in regulating gene expression, but its application in CVDs has been prevented by the lack of efficient delivery systems. We report here the development of tadpole dendrimeric materials for siRNA delivery in a rat ischemia-reperfusion (IR) model. Angiotensin II (Ang II) type 1 receptor (AT1R), the major receptor that mediates most adverse effects of Ang II, was chosen to be the silencing targeting. Among the three tadpole dendrimers synthesized, the oligo-arginine conjugated dendrimer loaded with siRNA demonstrated effective down-regulation in AT1R expression in cardiomyocytes in vitro. When the dendrimeric material was applied in vivo, the siRNA delivery prevented the increase in AT1R levels and significantly improved cardiac function recovery compared to saline injection or empty dendrimer treated groups after IR injury. These experiments demonstrate a potential treatment for dysfunction caused by IR injury and may represent an alternative to AT1R blockade.
Introduction
Cardiovascular disease (CVD) is the leading cause of death worldwide and with aging populations, incidence is on the rise. Myocardial infarction (MI) is class of CVD that accounts for 1 in every 6 deaths in the US alone, with roughly 1.5 million events annually [1] . Those that survive the initial insult, characterized by regional loss of tissue and function have a high probability of developing heart failure in subsequent years. With the global numbers on the rise, new treatments are greatly needed.
CVDs are controlled and influenced by numerous factors in the "cardiovascular continuum" [2, 3] . One important hormone system involved is the Renin-Angiotensin-Aldosterone System (RAAS). The activation of RAAS following cardiovascular ischemic injury is supposed to promote blood pressure recovery, but its continuous stimulation can cause vasoconstriction, vascular and cardiac hypotrophy, and fibrosis [4] . Angiotensin II (Ang II), an octa-peptide hormone, which is the end-product of the RAAS, regulates most effects of RAAS [5] . It's overexpression following MI leads to cardiomyocyte death and hypertrophy, vascular smooth muscle growth, and fibrosis, all of which cause adverse cardiac remodeling, progressive ventricular dysfunction, and finally heart failure [6] . Therefore, the inhibition of Ang II activation has become a common target for CVD therapy [7] .
The Ang II type 1 receptor (AT1R) is the essential mediator of the well-known adverse effects of Ang II, and its activation results in worsened cardiac functions after injury [6, 8] . In contrast, the type 2 receptor (AT2R), another important receptor, is generally considered as a protective receptor, leading to improved function recovery [9] [10] [11] . By suppressing AT1R activity, the negative effects from Ang II could be reduced, while AT2R activity could be exacerbated, bringing more beneficial effects [12] . Currently, angiotensin receptor blockers (ARBs) are used following MI to restore blood pressure and possibly prevent fibrosis, and improve cardiac function in laboratories and in clinic [13] [14] [15] [16] [17] . Despite these interesting data, previous studies have shown that the suppression of AT1R at the gene expression level is superior to AT1R pharmacological blockade [18, 19] , likely because the simple blockade interrupts the feedback loop in RAAS, causing renin and Ang II levels to increase in plasma, which may further activate the whole system. Such studies show a need for RNA interference (RNAi) therapeutics to selectively block receptor expressions following MI, specifically small interfering RNA (siRNA), one of the most efficient initiators of RNAi.
The development of siRNA delivery systems for cardiac tissue is one challenge that needs to be overcome for RNAi therapeutics to be successful in treating CVDs, as the nonphagocytic nature of cardiomyocytes set up a high barrier for the delivery of small RNA molecules. Bull et al. reported the usage of peptide-conjugated polymers for siRNA delivery in a cardiac myoblast cell line in vitro, but no in vivo efficiency was verified [20] [21] [22] . SiRNA-albumin conjugates have also been used in cardiac gene silencing in vivo by Lau et al., however a high dose (1-5 mg/kg) was required to induce a 40% silencing effect [23] . Due to the lack of efficiency, especially low efficiency in vivo, new delivery systems for cardiac tissue are highly in demand.
Among current non-viral delivery systems, dendrimeric materials have been regarded promising in siRNA delivery [24] . They are mono-disperse molecules and have tunable structures and properties. The rich cationic peripheries on dendrimers allow strong charge interaction with anionic siRNA molecules, forming stable particles to fight against nuclease digestion. Meanwhile, the buffering amines inside dendrimers can induce a unique "proton sponge" effect, which can trigger endosomal escape and release siRNA cargoes into cytoplasm. The inherent advantages of dendrimeric materials make them suitable for constructing siRNA delivery systems; however their application in cardiac tissue has not been developed.
In this study, we aim to develop a non-cytotoxic and efficient "tadpole" siRNA delivery system for cardiac tissue based on dendrimeric materials, combining the strengths of a cationic dendrimer and a cell penetrating peptide (CPP) to enhance uptake by cardiomyocytes. Two types of CPPs, oligo arginine (R9) and TAT, were linked to the reduced thiol end to cystamine core G4.0 poly(amido amine) (PAMAM) through a polyethylene glycol (PEG) crosslinker, separately. This design allows the PAMAM moeity to regulate siRNA complexation and endosomal escape, CPP improves cell internalization, and the PEG segments and the disulfide linkage between the three parts should enhance biocompatibility. The properties and performance of the dendrimeric materials were first evaluated in isolated cardiomyocytes in vitro, and we chose AT1R as the target to exploit its potential cardiovascular application in a rat ischemia-reperfusion (IR) model.
Materials and methods

Synthesis of peptide-conjugated tadpole dendrimeric materials
To synthesize the tadpole dendrimeric material, reduced PAMAM dendrimer was reacted with dithiodipyridine functionalized PEG (Py-PEG-Py) and thiol-containing peptide, subsequently. 10 mg/ml cystamine core PAMAM G4.0 (Sigma) in PBS was reacted with dithiothreitol (DTT, Sigma) of 10 molar equivalents of disulfide bonds for 24 h at room temperature, and unreacted DTT was removed by 3k Da MWCO Amicon® Ultra Centrifugal Filters (Millipore). The reduced PAMAM was reacted with Py-PEG-Py (MW 2000, Jiaxing Biomatrix Inc.) of 5 molar equivalents of thiol groups for 24 h at room temperature, followed by extensive dialysis against deionized water using a cellulose membrane (7 kDa MWCO, Union Carbide) for 3 days to remove excess PEG. Cysteine terminated peptide R9 (Ac-CRRRRRRRRR-NH 2 ), TAT (Ac-CGGWRKKRRQRRR-NH 2 ) (GL Biochem Ltd), or cysteine (Sigma) of 1.5 molar equivalents of PEG was added to the intermediates obtained from above steps, and the reactions were allowed for 24 h. The crude product was purified by dialysis using a 10 kDa MWCO cellulose membrane and dried via lyophilization. The peptide modification level in each product was analyzed by 1 H-NMR ( Figure 1B ).
Gel retardation assay
To assess the siRNA complexation capability of dendrimeric materials, a gel retardation assay was conducted using siRNA loaded samples. SiRNA in PBS (2 μM) was added to an equal volume of dendrimer solutions of indicated concentrations to achieve varying N/P ratios, and the samples were incubated at room temperature for 20 min before loading in a 3.5% agarose gel in a pH 8.5 TBE buffer, and imaging by a Kodak Imaging System.
Particle size and zeta-potential
Dendrimers containing siRNA were prepared as described in 2.2 and diluted 10 times using deionized water. The sizes of the particles were analyzed through dynamic light scattering (DLS) experiments at an angle of 90° by a 90Plus Particle Size Analyzer instrument, and the zeta-potentials were measured through electrophoretic light scattering experiments by a Zeta Sizer Nano ZS90 instrument.
In vitro transfection in cardiomyocytes
Cardiomyocytes were isolated from 1 day-old Sprague-Dawley rat pups (Charles River Labs) as previously described [25] and cultured in Dulbecco's Modified Eagle Medium (DMEM; Cellgro) with 10% fetal bovine serum (FBS; Hyclone) and 1× penicillin-streptomycin-glutamine (P/S/G, Cellgro) in 6-well plates until reaching 80% confluency. Dendrimeric material samples loaded with or without siRNA against AT1R (5′-UGAAGAGCCUGAUCAAAUA dTdT -3′ (sense) and 3′-dTdT ACUUCUCGGACUAGUUUAU-5′ (antisense), Dharmacon) were prepared as described in 2.2 in DMEM with the minimal N/P ratios required to complex siRNA completely. The transfection was conducted in DMEM treatment medium (DMEM with 2% FBS and 1× Lglutamine) for 24 h. Total RNA was extracted using Trizol reagent according to the manufacturer's protocol and stored at −20°C prior to use.
Gene expression
cDNA reverse transcribed from total RNA by M-MLV kit (Invitrogen) was amplified by Power SYBR Green (Invitrogen) in an Applied Biosystems StepOne Plus real time PCR system with the following pairs of oligonucleotides: AT1R, TTCTCAATCTCGCCTTGGCTGACT (forward primer) and AAGGAACACACTGGCGTAGAGGTT (reverse primer); AT2R, AATATGCTCAGTGGTCTGCTGGGA (forward primer) and CACAACAGCAGCTGCCATCTTCAA (reverse primer); 18S, TTCCTTACCTGGTTGATCCTGCCA (forward primer) and AGCGAGCGACCAAAGGAACCATAA (reverse primer). Gene expression levels were normalized relative to that of the house keeping gene 18S, and the results were expressed as fold changes for siRNA loaded dendrimeric materials relative to siRNA unloaded dendrimeric materials (empty dendrimeric material treatment) for the in vitro transfection.
Animal studies
A randomized and double-blinded study consisting 4 groups (sham, IR + saline, IR + dendrimer, IR + dendrimer/siRNA) was conducted in a rat IR injury model. Adult SpragueDawley rats (Charles River Laboratories) were anesthetized with isoflurane (1-3%) followed by heart exposure, and the left descending coronary artery was occluded for a period of 30 min before releasing the suture. Immediately after reperfusion, 80 μl saline (IR group), or saline containing empty dendrimer (IR + dendrimer group), or saline containing dendrimer/siRNA particles (IR + dendrimer/siRNA group) were administrated by intramyocardial injection in 3 regions of the border zone as previously described. Dose of siRNA given was 5 μg/kg, or the corresponding mass of empty dendrimer. After injection, chests were closed and rats allowed to recover on a heating pad. All animal studies were approved by Emory University Institutional Animal Care and Use Committee.
At a 3-day time point, echocardiography and Pressure-Volume (PV) cardiac hemodynamics were conducted to evaluate functional changes, and data including stroke volume, end systolic volume, end diastolic volume, and ejection fraction (%) were collected. Following echocardiography and PV measurements, animals were sacrificed and left ventricle tissue was harvested and store at −80°C prior to use. Total RNA was extracted from the tissue using Trizol, and AT1R and AT2R copy number was determined by quantitative real-time PCR using a standard curve method and normalized to 18S.
Infarct size
To determine the infarct size after treatment, animals were divided into 3 groups: IR+ saline, IR+ dendrimer, and IR+ dendrimer/siRNA. Three days after injection, rats were anesthetized with inhaled isoflurane, and the coronary artery was re-occluded by suture at the same place of occlusion as the first surgery. The hearts were perfused with 50 μl of filtered 10% Evan's blue dye through the aorta until tissue beyond the ligated area became blue. After Evan's blue dye staining, hearts were sliced into 4 sections and soaked in 1% 2,3,5-triphenyltetrazolium chloride (TTC) solution for 15-20 min, followed by fixation in 4% paraformaldehyde. Pictures were taken and ImageJ was used to trace the area of viable tissue (blue), area at risk (red), and infarcted area (white), with data being expressed as infarct area/area at risk.
Statistics
Quantitative results were presented as means ± SEM. Statistical comparisons were performed by one way analysis of variance (ANOVA) followed by the Tukey-Kramer posttest to compare selected data pairs using Graphpad Prism 3 Software. The level of significance was denoted by *, ** and ***, with P value set at <0.05, <0.01, and <0.005, respectively. Figure 1A shows the structure of the tadpole dendrimeric materials. They consist of three parts: the cationic dendrimer head, the PEG crosslinker, and the peptide tail. The fan-shape dendrimer moiety was obtained from reducing cystamine core PAMAM G4.0, and the 32 positive charges on the surface provided siRNA binding sites with multivalent interactions. The PEG segment can partially shield the cationic charges on the particle to reduce the potential toxicity, and the flexibility of PEG also allows the peptide tails to interact with cell membrane with minimal steric hindrance. The conjugated CPPs are used to enhance cell uptake of siRNA loaded particles in cardiomyocytes. The disulfide bonds between the three parts enhance the material biodegradability and release siRNA in the reducing cytoplasm.
Results
Synthesis of peptide-conjugated tadpole dendrimeric materials
H 1 -NMR spectra confirmed the conjugation of PEG and peptides to dendrimeric moiety ( Figure 1B) . The representative PEG peak (-OCH 2 CH 2 -) occurs in the 3.7-3.8 ppm range, the representative PAMAM peaks (-NCH 2 CH 2 CO-) occur in the 2.4-2.6 ppm range, and the representative peak of the arginine residues (-HCCH 2 CH 2 CH 2 NH-) in the peptides occur in the 1.6-1.8 ppm range. Qualitative comparison between the peak area of PAMAM, PEG, and arginine showed nearly 100% modification of PEG to reduced end of PAMAM, and 81.8% and 80.0% peptide conjugation on each PAMAM molecular averagely for R9 and TAT, respectively.
Preparation of siRNA loaded particles
The complexation capacity of siRNA by tadpole dendrimers was evaluated by gel retardation assay. With increasing N/P ratios in the siRNA loaded samples, the amount of un-complexed siRNA decreased as the siRNA bands detected in gel electrophoresis became fainter when the N/P ratios were increased from 10 to 60. The siRNA bands disappeared when N/P ratios reached 60 in f-PAMAM-PEG and f-PAMAM-PEG-TAT, or 40 in f-PAMAM-PEG-R9 group (Figure 2 ), indicating the minimal N/P ratios that each tadpole dendrimer needs to complex all siRNA in the samples.
The diameters of siRNA loaded particles formed by tadpole dendrimers under the minimal required ratios were determined by DLS. The PAMAM G4.0, f-PAMAM-PEG, f-PAMAM-PEG-TAT, and f-PAMAM-PEG-R9 particles have diameters of 247±76 nm, 178±13 nm, 143±29 nm, and 302±20 nm, respectively ( Figure 3 and Table 1 ). And the corresponding zeta-potentials of these particles were determined as 29.9±4.1 mV, 10.6±4.3 mV, 15.4±4.0 mV, and 3.2±0.6 mV.
siRNA transfection in isolated cardiomyocytes
Primary tests were conducted in the cardiomyoblast cell line H9C2 to detect the internalization of the tadpole dendrimers, and both TAT-and R9-conjuated dendrimers showed their capabilities of delivering FITC-siRNA into cells (Supplemental Figure 1) . To determine the transfection efficiency of tadpole dendrimers in cardiac cells, AT1R expression at the mRNA level in primary cardiomyocytes after siRNA delivery was detected by quantitative real-time PCR. Neonatal cardiomyocytes were isolated from one-day rat pups and treated with 100 nM siRNA in various particles for 24 h. No significant change in AT1R expression was observed in the f-PAMAM-PEG and f-PAMAM-TAT groups (120.8±24.9% and 96.7±9.6%, respectively), but the f-PAMAM-PEG-R9 group showed greater than 60% silencing effect compared to the control group (36.7±9.9%, P<0.01) (Figure 4 ). Since the oligo arginine conjugated tadpole dendrimer exhibited the most efficient delivery performance, the f-PAMAM-PEG-R9 was chosen for the animal experiments.
siRNA delivery in vivo
To determine the siRNA delivery efficiency of oligo-arginine-conjugated tadpole dendrimer in vivo, adult male rats were randomized into 3 treatment groups with injections of either saline alone (IR), or saline containing empty dendrimer (IR+ dendrimer), or saline containing dendrimer/siRNA particles (IR+ dendrimer/siRNA), followed IR injury (n>6 for each group, N=36 total). Sham animals were used for comparison. At 3-days following injury, the expression of AT1R at mRNA level increased significantly (P< 0.05) in IR group and IR+ dendrimer group by 1.92±0.26-fold and 2.01±0.37-fold, respectively, compared to sham rats. In contrast, the AT1R expression maintained a similar level (0.94±0.21 fold) as sham rats following siRNA delivery by tadpole dendrimer, significantly lower than IR injured group (P<0.05) ( Figure 5A ).
Additionally, AT2R expression level was examined in left ventricle tissue. There were slight decreases in IR group (0.74±0.20 fold) and IR+ dendrimer group (0.69±0.20 fold) compared to sham group, but neither was considered significant. In comparison, AT2R levels showed a trend to increase in IR+ dendrimer/siRNA group by 2.14±0.86-fold, but not to a significant degree ( Figure 5B ).
In vivo cardiac function
To determine if siRNA delivery against AT1R by the tadpole dendrimer could preserve cardiac functions post-IR, ejection fraction (EF), end systolic volume (ESV), and end diastolic volume (EDV) were determined from echocardiography and PV cardiac hemodynamics (n>6 for each group, N=26 total). Sham-operated rats had an EF of 74.3±2.7% that was significantly lower in IR group (56.3±2.4%, P<0.005) and IR+ dendrimer group (62.0±2.4%, P<0.01); however, the IR+ dendrimer/siRNA group demonstrated a significant improvement (71. Infarct size was measured in different treatment groups using the gold standard TTC staining method 3d following injury. Data were expressed as infarct size/area-at-risk to ensure variations in risk area did not affect the results. As the representative images and grouped data in Figure 8 demonstrate IR alone induced an infarct size of 47.8±4.8%. While there was no significant decrease in the IR+ dendrimer group (37.5±2.7%), the injection of dendrimer/ siRNA particles significantly decreased infarct size to 18.4±3.1% (P<0.005 vs. IR, P< 0.01 vs. IR+ dendrimer) (Figure 8 ).
Discussion
CVDs are a leading cause of death worldwide and with an aging population and changing lifestyles, incidence is on the rise. Compared to traditional drugs, small RNA molecules, which initiate RNA interference (RNAi) in the cytoplasm, have great potential due to target sequence specificity and ease of design and synthesis. In addition, the RNAi mechanism regulates the targets at the gene expression level, usually leading to a loss of protein expression. Despite all the advantages of RNAi therapeutics its clinical use has not been fully exploited. Circulating RNA cannot readily enter cells and is subject to degradation by RNAses. Therefore, new delivery systems for RNAi therapeutics need to be developed.
Dendrimeric materials are promising candidates for siRNA delivery. One such material, PAMAM, has many advantages including high charge density and the ability for endosomal escape, leading to its successful in vitro and in vivo application in siRNA delivery to cell lines and tumor cells [24, 26] . We used a PAMAM moiety as the head of the tadpole to complex siRNA with a strong affinity due to the multivalent interactions, while the CPP at the tail served to enhance the internalization of siRNA loaded particles in cardiomyocytes. The PEG segment was introduced into the structure to reduce the potential toxicity from PAMAM [27] [28] [29] [30] by partially shielding the cationic charges. With the PEG modification, the zeta-potential of f-PAMAM-PEG particles was nearly 3-fold lower than the particles formed by PAMAM G4.0. Similar decreases in zeta-potentials were also observed in the other two tadpole dendrimer particles. The drop in zeta-potential of R9 dendrimer particles is probably due to the smaller N/P ratio required by this material (40 for R9 dendrimer vs. 60 for unmodified or TAT dendrimer). Though numbers of studies have reported the toxicity of cationic PAMAM [31] , no adverse effect from tadpole dendrimers in metabolic activity was detected in primary cardiomyocytes by MTT (Supplemental Figure 2) , implying decreased cytotoxicity after modification. These results are consistent with studies showing that reducing the charge on PAMAM via modification results in reduced toxicity [25, 32] .
With siRNA loading, PAMAM G4.0 (data not shown) and f-PAMAM-PEG failed to reduce the expression of AT1R, which implied that the charge interaction alone is not sufficient to translocate the particles into cardiomyocytes. CPPs, including oligo-arginine (R9) and TAT, have been used to enhance delivery efficiency in cardiac cells and myocardium [21, 33, 34] . In our study, the R9 conjugated tadpole dendrimer showed efficient siRNA delivery, but not the TAT conjugated dendrimer. As the TAT peptide also contains several arginines, it is unclear why it was not effective in delivering siRNA to cardiomyocytes while the R9 tadpole was. It is possible that the addition of lysine and phenylalanine residues creates a secondary structure different than that of R9. Furthermore, R9 contains more arginine residues and that may also be a potential mechanism. Additionally, the TAT particles (302±20 nm) were larger than R9 particles (178±13 nm), and the difference may also affect the transfection since smaller particles are easier to be internalized. While published studies from our laboratory show efficient cardiomyocyte internalization of nanoparticles up to 500 nm [25] , the materials themselves were quite different and size cannot be ruled out.
Delivery of AT1R in vivo resulted in enhanced cardiomyocyte survival as evidenced by improved infarct size. While not directly measured, infarct size is indicative of cardiomyocyte necrosis/apoptosis and increased salvage of tissue leads to reductions in infarct size. There was no effect of the empty dendrimer, indicating the reduced infarct size was a direct result of AT1R silencing. This is consistent with reports showing that AngII can induce cell death in cardiomyocytes [35, 36] , as well as studies demonstrating angiotensin receptor blockers (ARBs) ability to reduce infarct size [37] [38] [39] . The reduction in infarct size was also supported by the improvements seen in cardiac function. IR injury significantly reduced cardiac function as measured by ejection fraction using invasive pressure-volume measurements. This was significantly improved by siAT1R delivery using the R9 tadpole. While 3 days is early to see changes in diastolic volume, end-systolic volume was increased by IR. This was also significantly improved by siAT1R delivery with the R9 tadpole, indicating improvements in systolic function. Additionally, R9 is not cardiomyocyte specific and enhanced delivery to other cell types cannot be ruled out. Prior studies from our laboratory showed that R9 can enhance uptake of microRNA to endothelial cells [25] . As AT1R is expressed in endothelial cells, delivery to other cell types may have contributed to AT1R reduction in vivo following intracardiac injection. Despite this, the changes seen in vivo were likely too early to be related to angiogenesis. Whether this improvement in cardiac function was sustained chronically was not examined. It is possible that chronic AT1R levels are not suppressed, or that other mechanisms may contribute to changes in chronic function. Studies to determine long-term effects of R9 tadpole delivery are underway, as well as studies to determine the length of gene suppression.
Angiotensin receptor blockers (ARBs) are used clinically to treat hypertension and improve post-infarction contractility. While beneficial in the affected tissue, global inhibition of AT1 following infarction may have unintended side effects in other tissues. Additionally, AngII can also bind to the AT2R, which has mostly beneficial effects [9] [10] [11] . Studies using ARBs have shown both increased and decreased levels of AT2R following treatment [39] [40] [41] . This response is dependent on the type of cell being studied, the time of detection, and the type of injury model. Yang et al. used antisense RNA to silence AT1R in an IR model in rat hearts, leading to a decrease in AT2R level [18] , potentially mitigating some of the beneficial effects. In our study, after in vivo siRNA delivery, levels of AT2 were increased, though this was not considered statistically significant. Despite this, the levels were not reduced as in other studies and may contribute to the improvements seen with tadpole-mediated siRNA delivery. The synthesis of another important gene in regulating cardiac function, type 1 collagen (Col-1), is also increased upon Ang II activation [42] . In the present study, IR injury increased Col-1 levels and siAT1R tadpole-mediated delivery demonstrated a trend at reducing this (Supplemental Figure 3) . It is possible that the 3-day time point is too early to see significant changes in this chronic fibrosis marker, or that mediators other than AngII may contribute to this in vivo. Finally, while AT1R is a promising target, it is not the only molecule involved in post-MI dysfunction. With the discovery of an increasing number of cardiac-specific microRNAs that can enhance cardiac regeneration [43] [44] [45] , the R9 conjugated tadpole dendrimer may have further uses in drug delivery to improve the infarcted myocardium.
Conclusion
Our oligo-arginine-conjugated tadpole dendrimer is a non-cytotoxic and efficient non-viral delivery system for siRNA in cardiac tissue, and the delivery of siRNA against AT1R by the dendrimer was able to preserve cardiac function after ischemia-reperfusion injury in rats. The development of the tadpole dendrimer system may have potential for delivery of RNAi therapeutics to treat CVDs in the future.
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Refer to Web version on PubMed Central for supplementary material. Representative images (A) and quantitation (B) of different treatment groups at the 3-day time point following IR injury. Viable tissue: blue, area at risk: red, infarcted area: white. The values of infarct size were calculated as infarct area/area at risk and presented as mean ±SEM. n=5, **P<0.01, ***P<0.005. 
